Fas has been implicated in the development of vascular injury or disease, but most studies have focused on its role in the regulation of cell apoptosis and growth. The present study was designed to examine the early response of coronary artery to Fas activation by its ligand, FasL. The hypothesis being tested is that CD38 signaling pathway mediates FasL-induced intracellular Ca 2ϩ release through nicotinic acid adenine dinucleotide phosphate (NAADP) in mouse coronary arterial myocytes (CAMs) and thereby produces vasoconstriction in coronary arteries. HPLC analysis demonstrated that FasL markedly increased NAADP production in CAMs from wild-type mice (CD38 ϩ/ϩ ) but not in cells from CD38 knockout (CD38 Ϫ/Ϫ ) mice. Using fluorescent Ca 2ϩ imaging analysis, we found that FasL (10 ng/ml) significantly increased Ca 2ϩ release from 142.5 Ϯ 22.5 nM at the basal level to 509.4 Ϯ 64.3 nM in CD38 ϩ/ϩ CAMs but not in CD38 Ϫ/Ϫ CAMs. However, direct delivery of NAADP, the CD38 metabolite, into CD38 Ϫ/Ϫ CAMs still markedly increased Ca 2ϩ release, which could be significantly attenuated by a lysosomal function inhibitor, bafilomycin A1 (Baf), or a NAADP antagonist, pyridoxalphosphate-6-azophenyl-2-disulfonic acid. Confocal microscopy further demonstrated that FasL produced a typical two-phase Ca 2ϩ release with a local Ca 2ϩ burst from lysosomes, followed by a global Ca 2ϩ response in CD38 ϩ/ϩ CAMs. In isolated perfused septal coronary arteries from CD38 ϩ/ϩ mice, FasL was found to significantly increase U-46619-induced vasoconstriction from 29.2 Ϯ 7.3 to 63.2 Ϯ 10.3%, which was abolished by Baf (100 nM). These results strongly indicate that the early response of CAMs to FasL is to increase intracellular Ca 2ϩ levels and enhance the vascular reactivity through stimulation of NAADP production and lysosome-associated twophase Ca 2ϩ release in coronary arteries.
death receptor ligand; second messenger; vasomotor response; vascular smooth muscle IT IS WELL KNOWN THAT INTRACELLULAR Ca 2ϩ plays a critical role in the regulation of smooth muscle functions. Intracellular Ca 2ϩ increase is either driven by Ca 2ϩ influx across the plasma membrane or mobilized by Ca 2ϩ messenger from Ca 2ϩ storage organelles. So far, three intracellular Ca 2ϩ messengers have been found: inositol 1,4,5-trisphosphate (IP 3 ), cyclic ADPribose (cADPR), and nicotinic acid adenine dinucleotide phosphate (NAADP). NAADP is the newly discovered and most potent intracellular universal Ca 2ϩ messenger (26) , which participates in the regulation of a wide variety of cell functions, such as fertilization, cell proliferation and differentiation, insulin secretion, and nitric oxide signaling (25) , as well as vasoconstriction (43) . In regard to the NAADP signal system, several reports have addressed the identity of NAADP-related Ca 2ϩ stores and the characteristics of NAADP-sensitive Ca 2ϩ release channels (5, 9, (41) (42) (11, 24, 43) . This NAADP-mediated two-phase Ca 2ϩ release response has been described in increasing cell types such as sea urchin egg, pancreatic cells, and hepatocytes, as well as smooth muscle cells (4, 10, 43) . Regarding the NAADP enzymatic pathway, Aplysia ADP-ribosyl cyclase and mammalian homologous CD38 have been reported as enzymes responsible for the synthesis of NAADP (1) . Both CD38 and the cyclase synthesize NAADP from NADP by catalyzing the exchange of nicotinamide in NADP with nicotinic acid. Recently, it was reported that CD38 as a multifunctional enzyme also plays a critical role in the degradation of NAADP by hydrolyzing NAADP to ADP-ribose 2=-phosphate (18) .
Fas ligand (FasL) is a type II transmembrane protein that belongs to the tumor necrosis factor (TNF) superfamily; it exists as a membrane molecule (mFasL) and also in a soluble form (sFasL) generated by metalloproteinase (MMP7) proteolytic cleavage. Apart from the proapoptotic activity against diverse cell types, the activation of Fas/FasL pathway also exerts a wide range of proinflammatory responses in different tissues, including the cardiovascular system (20, 23, (37) (38) . Recent studies have indicated that many inflammatory factors importantly affect the regulation of vascular function (23, (37) (38) . However, the mechanisms mediating the role of these inflammatory factors remain unknown. In this regard, it has been reported that increases in cytosolic 
MATERIALS AND METHODS

Genotyping CD38
Ϫ/Ϫ mice. Both CD38 Ϫ/Ϫ and wild-type mice were purchased from the Jackson Laboratory. All experimental protocols were reviewed and approved by the Animal Care Committee of Virginia Commonwealth University. In CD38 Ϫ/Ϫ homozygous mice, a genomic fragment of exons 2 and 3, which encodes CD38 putative active site, was replaced by a neomycin selection cassette. PCR confirmation of this genotype was achieved by specific primers designed for wild-type extron 2, 5=-TCTGAGGACCAATGTTAGGATG-3= and 5=-CTAATG-GAACTTCGCCTTGTG-3=, and for the neomycin selection cassette in CD38 Ϫ/Ϫ , 5=-CTTGGGTGGAGAGGCTATTC-3= and 5=-AGGT-GAGATGACAGGAGATC-3=. The genomic DNA was extracted from the mouse tail using the ArchivePure DNA purification kit (5 Prime), and the PCR reaction was carried out in a Bio-Rad iCycler, initiated at 94°C for 1 min to denature the template and activate the Taq DNA polymerase, followed by 30 cycles of PCR amplification. Each cycle included denaturing at 94°C for 30s, annealing at 55°C for 30s, and extension at 72°C for 1 min. The electrophoresis of PCR products was performed in 2% agarose gel. The expected 299-bp fragment for wild-type mouse and 280 bp for CD38 Ϫ/Ϫ mouse was determined by comparing the DNA ruler. HPLC analysis of NAADP conversion rate in CAMs. Mouse CAMs were isolated as described previously (36) . The CAMs' identity was confirmed by immunocytochemical staining with anti-␣-smooth muscle actin primary antibody (R&D Systems) and Alexa-Fluor 488-conjugated anti-mouse IgG secondary antibody (Invitrogen). Mouse endothelial cells were used as a negative control. To determine CD38-associated NAADP production, we measured base-exchangerelated NAADP conversion using HPLC in CAMs from both wildtype and CD38 Ϫ/Ϫ mice. Within a 100-l reaction mixture, 1 mM NADP ϩ and 30 mM nicotinic acid (NA) as substrates were added to 100 g of cell homogenates in HEPES buffer containing (in mM) 20 HEPES, 1 EDTA, and 255 sucrose (pH 4.5). After incubation at 37°C for 30 min, the proteins were removed by centrifugation using an Amicon microultrafilter at 13,000 rpm for 15 min. The reaction product in the ultrafiltrate was then analyzed using HPLC as we described previously (43) . Peak identities were confirmed by comigration, and absorbance spectra were compared with the known standards. Quantitative measurements were performed by comparison of known concentration of standards.
Fluorescence measurement of [Ca 2ϩ ]i and NAADP delivery in CAMs. Intracellular Ca 2ϩ responses to FasL or NAADP were determined using a fluorescence image analysis system with the Ca 2ϩ indicator fura-2 as described previously (19, 39) . The Ca 2ϩ -free Hanks' buffered saline solution (HBSS) including 1 mM EGTA was used for Ca 2ϩ measurement to ensure the Ca 2ϩ response was solely derived from intracellular Ca 2ϩ store release rather than extracellular Ca 2ϩ influx. HBSS contained (in mM) 137 NaCl, 5.4 KCl, 4.2 NaHCO3, 3 Na2HPO4, 0.4 KH2PO4, 1.5 CaCl2, 0.5 MgCl2, 0.8 MgSO4, 10 glucose, and 10 HEPES (pH 7.4). Administration of NAADP (1 M) into the cells was carried out by wrapping this cell-impermeable nucleotide into Optison (Perflutren protein-type A microspheres) and by delivery with ultrasound as detailed previously (30, 35, 43) .
CD38/green fluorescent protein plasmid transfection in CAMs.
CD38 plasmid from OriGene was constructed by open reading frame cloning of full-length Mus musculus CD38 antigen (NM_007646) into pCMV6-AC-green fluorescent protein vector (pCD38-GFP). The transfection of pCD38-GFP into CD38 Ϫ/Ϫ CAMs was achieved with the TransFectin protocol from Bio-Rad. pCMV6-AC-GFP without CD38 insert was used as a negative control. The transfection efficiency was determined by confocal microscopy as detection of the green fluorescence at 488-nm excitation and 510-nm emission.
Confocal fluorescence microscopic [Ca 2ϩ ]i measurement. Subconfluent CAMs in 35-mm cell culture dishes were loaded with the Ca 2ϩ -sensitive dye fluo-4 (5 M) in HBSS and then incubated at room temperature for 20 min. The fluo 4-loaded CAMs were then bathed with Ca 2ϩ -free HBSS buffer containing 1 mM EGTA. To define intracellular stores responsible for FasL (10 ng/ml)-associated two-phase Ca 2ϩ release, we pretreated the cells with bafilomycin A1 (Baf; 100 nM), a lysosome function inhibitor, or ryanodine (Rya; 50 M), a SR Rya/Ca 2ϩ antagonist. Ca 2ϩ imaging was performed using a laser scanning confocal microscope (Olympus Fluoview System, version 5.0, FV300), which consists of an Olympus BX61WI inverted microscope with an Olympus Lumplan F1ϫ60, 0.9 numerical aperture, and water-immersion objective. Ca 2ϩ /fluo-4 fluorescence images were acquired at 488-nm excitation and Ͼ510-nm emission in the XYT recording mode with a speed of 2 frames/s. The Ca 2ϩ /fluo-4 fluorescence intensity was analyzed with Fluoview version 5.0 software. The ratio of Ca 2ϩ -dependent fluorescence intensity to that at basal level was quantified as the intracellular Ca 2ϩ response. Confocal fluorescence microscopic detection of lysosomes and Ca 2ϩ colocalization. Subconfluent CAMs in 35-mm cell culture dishes were incubated with dextran-conjugated tetramethylrhodamine (Rho; 1 mg/ml; Molecular Probes) for 4 h in advanced DMEM medium containing 10% FBS at 37°C, 5% CO 2, followed by a 20-h chase in dye-free medium for lysosomes loaded with Rho (7). After being washed with HBSS buffer three times, the Rho-loaded cells were then incubated with the Ca 2ϩ -sensitive dye fluo-4 at a concen- [Ca 2ϩ ]i measurement. Lysosome/Rho (Lyso/Rho) fluorescence images were acquired at 568-nm excitation and 590-nm emission. The colocalization coefficiency of Ca 2ϩ /fluo-4 and Lyso/Rho was analyzed with Image-Pro Plus 6.0 software (44) .
Isolated small artery tension recording. Small ventricular septal arteries (ϳ150-m inner diameter) were dissected (28) and then mounted in a Multi Myograph 610M (Danish Myo Technology, Aarhus, Denmark) for recording of isometric wall tension (6, 8) after 30 min of equilibration in physiological saline solution (PSS; pH 7.4) containing (in mM) 119 NaCl, 4.7 KCl, 1.6 CaCl 2, 1.17 MgSO4 1.18 NaH2PO4, 2.24 NaHCO3, 0.026 EDTA, and 5.5 glucose at 37°C bubbled with a gas mixture of 95% O2 and 5% CO2. After basic tension was set, the dose effect of FasL alone (1, 3, 10, and 30 ng/ml) to the tension changes of the septal arterial wall were measured. In other group experiments, the arteries were precontracted with a thromboxane A 2 analog, U-46619 (50 nM; Sigma, St. Louis, MO), and the dose effect of FasL vasoconstriction was reexamined with or without the presence of different inhibitors: Baf (100 nM), Rya (50 M), or 2-aminoethoxydiphenyl borate (2-APB; 100 M). The timecourse effects of FasL (30 ng/ml) alone and FasL (30 ng/ml) plus U-46619 (50 nM) on vasoconstriction were examined in both wildtype and CD38
Ϫ/Ϫ arteries. Statistics. Data are means Ϯ SE. Significant differences between and within multiple groups were examined using ANOVA for repeated measurements, followed by Duncan's multiple-range test. Student's t-test was used to evaluate the significant difference between two groups of observations. P Ͻ 0.05 was considered statistically significant. Figure 1A depicts ϩ/ϩ mice (lane 6). In  Fig. 1B , the CAMs' identity was confirmed by positive staining with the anti-␣-smooth muscle actin primary antibody and Alexa-Fluor 488-conjugated anti-mouse IgG secondary anti- body; endothelial cells were used as control (negative staining).
RESULTS
Genotyping of CD38 knockout mice and identity confirmation of isolated CAMs.
Production of NAADP in CAMs.
Using HPLC analysis, we first determined whether CD38 acted as an enzyme responsible for NAADP production by measuring NAADP conversion rate from its substrate, NADP ϩ , in CAMs isolated from wild-type and CD38
Ϫ/Ϫ mice. Figure 2A presents a representative reversed-phase HPLC chromatogram depicting the profile of NADP ϩ and its CD38 enzymatic metabolite, NAADP. Figure 2B summarizes (Fig. 3B) .
CD38 plasmid transfection rescued FasL-induced Ca 2ϩ release response in CAMs of CD38
Ϫ/Ϫ mice. To further examine the role of CD38 in FasL-induced Ca 2ϩ release, we transferred CD38/GFP gene back to CD38 Ϫ/Ϫ CAMs and then measured the Ca 2ϩ response to FasL. In Fig. 4A , the green fluorescence in the cells at left shows positive expression of the CD38 transgene. The light microscopic image (middle) shows the number of cells. The merged image at right shows that the CD38 transfection efficiency was over 85% cells. In Fig. 4B -dependent fluorescence intensity to the basal level was quantified to present the intracellular Ca 2ϩ release response. In the control group, the Ca 2ϩ intensity ratio was significantly increased by 75% at the first phase and 1.4-fold at the second phase after FasL (10 ng/ml) treatment. However, in the presence of Rya (50 M), the Ca 2ϩ release of the second phase was substantially attenuated, whereas the Ca 2ϩ intensity ratio in the first phase remained the same as in the control group. Furthermore, when the cells were pretreated with Baf, Ca 2ϩ release of both the first and second phase was totally abolished.
To further confirm that the first-phase Ca 2ϩ release was derived from lysosomes upon FasL (10 ng/ml) stimulation, we performed lysosome and Ca 2ϩ release colocalization experiments. The confocal microscopic images (Fig. 6A) demonstrate that the Ca 2ϩ release in the first phase(4.5 min) appeared as an unevenly Ca 2ϩ -sparking image (green image, Ca 2ϩ /fluo-4), and the highest Ca 2ϩ release regions were colocalized well with lysosomes (red image, Lyso/Rho), which resulted in strong yellow spots (overlay). In contrast, the subsequent global Ca 2ϩ release in second phase (10.0 min) was evenly distributed within the whole cell, and no specific regional yellow spots were observed. The colocalization coefficiency of Ca 2ϩ /fluo-4 and Lyso/Rho in basal, first-phase (4.5 min), and second-phase (10.0 min) Ca 2ϩ release was 0.183 Ϯ 0.056, 0.414 Ϯ 0.102, and 0.288 Ϯ 0.041, respectively (Fig. 6B) . These colocalization results provide direct evidence that the lysosomes act as Ca 2ϩ stores for the first-phase Ca 2ϩ release in response to FasL activation.
FasL increased coronary arterial vasoconstrictor response to U-46619 in CD38
ϩ/ϩ but not in CD38 Ϫ/Ϫ mice. To investigate physiological relevance of FasL-associated two-phase Ca 2ϩ release, we used the coronary arteries from both CD38 Ϫ/Ϫ and wild-type mice to record arterial tension changes. In Fig. 7A , FasL-induced percent increases in U-46619-induced vasoconstriction were dose dependent by a maximum of 82.3 Ϯ 5.3% at the dose of 30 ng/ml used. In contrast, this FasL-induced arterial constriction enhancement was not detected in CD38 Ϫ/Ϫ mice. It should be noted that FasL alone had no vasoconstriction effects in both types of arteries. In Fig. 7 , B and 7C, after blocking of SR Ca 2ϩ release by Rya (50 M) or lysosomal function by Baf, wild-type arteries lost vasoconstriction, whereas CD38 Ϫ/Ϫ arteries showed no change. Pretreatment of the arteries with the IP 3 antagonist 2-APB had no effect in blocking vasoconstriction in both types of arteries (Fig. 7D) . The time-course dynamic tension recording traces revealed that FasL (30 ng/ml) effectively enhanced U-46619 (50 nM)-induced vessel constriction in wild-type artery, with a similar time frame to that observed in the CAM Ca 2ϩ release study. Consistent with the dose-effect data obtained from vasoconstriction analysis, the time-course results also indicate that FasL alone had no vessel constriction effects, as well as no vessel constriction enhancement effects, in CD38 Ϫ/Ϫ artery (Supplemental Result 2).
DISCUSSION
The present study has demonstrated that CD38 is the enzyme responsible for the FasL-induced NAADP production and that CD38/NAADP pathway is involved in the FasL-induced Ca Using CD38 knockout mice and HPLC analysis, we have found that CD38 is the enzyme responsible for FasL-associated NAADP production in coronary artery by measuring the NAADP conversion rate. This result is in agreement with previous findings that CD38 is the major enzyme for the NAADP synthesis in vitro (1, 27, 43) . Although there was a report that expression of CD38 did not correlate with in vivo intracellular NAADP concentration (34) , our results clearly demonstrated that FasL only increased NAADP production in wild-type but not CD38 Ϫ/Ϫ mouse coronary arteries, whether additional exogenous substrates of NADP ϩ and NA were presented or not. Furthermore, our functional studies demonstrated that rescued CD38 expression in the CD38 Ϫ/Ϫ CAMs could restore the FasL-induced Ca 2ϩ response to the level of wild-type cells. These results provide direct evidence that CD38 plays a critical role in producing NAADP in response to /fluo-4), and the highest Ca 2ϩ release regions were colocalized well with lysosomes/rhodamine (red images in Lyso/Rho), which resulted in strong yellow spots (overlay). In contrast, the subsequent global Ca 2ϩ release in the second phase (10 min) was evenly distributed within the whole cell, and no specific regional yellow spots were observed. B: summarized results showed colocalization coefficiency of Ca FasL in coronary arteries. It should be noted that some other enzymatic pathways for the synthesis of NAADP also have been proposed. For example, ADP-ribosyl cyclase was reported to convert cADPR and nicotinic acid to NAADP (29) , and CD157 as a member of the CD38 family has been found to be responsible for NAADP production in some tissues or cells (31) . In addition, NAADP can be formed via NAD kinase (32) by conversion of amide to acid in NADP or by phosphorylation of NADP as well as via NAD(P)H oxidase to convert NAADPH to NAADP (3).
Although not yet extensively studied, it is possible that these different enzymatic pathways may be tissue specific and exert their action under different physiological or pathological conditions. In regard to the possible mechanism by which FasL activates CD38 to generate NAADP, our recent studies have reported that CD38 could be aggregated in membrane raft clusters in coronary arterial smooth muscle cells and thereby result in the increased activity of CD38 as ADP-ribosyl cyclase for cADPR generation (22) . Given that FasL is a potent stimulator for production of ceramide, a pivotal molecular for membrane raft clustering (40) , it is possible that FasL stimulates ceramide production and consequently results in membrane raft clustering with CD38 aggregation and activation.
One of the important findings in the present study is that FasL, a TNF family member, could induce lysosome-dependent Ca 2ϩ release through NAADP. Our confocal microscopic analysis revealed that FasL initiated local Ca 2ϩ burst from lysosomes and then generated global Ca 2ϩ wave from the SR, a two-phase Ca 2ϩ release response that was observed in NAADP-mediated Ca 2ϩ signaling by ET-1 in smooth muscle cells (24, 43) . It should be noted that the time interval between two phases of Ca 2ϩ release in response to FasL or ET-1 was about 3-5 min, which is much longer than the time taken by classic CICR that usually occurs in seconds. Although there is no direct evidence to explain why and how the second phase of Ca 2ϩ release takes so long, some recent advances in lysosomal function studies may shed some light on this enigma. Lysosomes are membrane-bound organelles that primarily serve as catabolic compartments in eukaryotic cells (14) . After maturation, lysosomes are consistently undergoing heterotypic fusion with endocytic vesicles for degradation of internalized molecules (12) and homotypic fusion for redistribution of lysosomal contents (21) , which is dependent on lysosome-associated movement (2) . Given such innate dynamic properties of lysosomes, it is possible that the first phase Ca 2ϩ release will drive lysosome aggregation and/or movement to the SR and then trigger a global Ca 2ϩ wave, and this lysosome movement or aggregation may contribute to such a long time interval between two-phase Ca 2ϩ responses. Along this line, it is hypothesized that FasL binds to Fas to activate lysosome Ca 2ϩ bursts; such small bursts may not be enough to activate global Ca 2ϩ release from the SR, but rather activate lysosome movement or aggregation. When lysosomes aggregate more or move close to the SR, the global Ca 2ϩ release is activated. However, this assumption needs to be further verified.
Functionally, FasL have been demonstrated to be a proinflammatory factor that is implicated in the pathophysiological process of various cardiovascular diseases such as coronary heart disease, arteriosclerosis, and ischemia-reperfusion injury (15, 20, 33) . Although the role of Fas/FasL-mediated apoptosis has been well elaborated in those vascular disorders, little is known about the vascular early response to Fas activation. In the present studies, in addition to cell studies on Ca 2ϩ response, we also performed arterial tension recording experiments to explore the early function change during Fas activation. We found that FasL enhanced U-46619-induced vasoconstriction in wildtype mouse artery and that this vasoconstriction response was consistent with a time frame of the FasL-induced two-phase Ca 2ϩ response as observed in the Ca 2ϩ release of CAMs. Obviously, this FasL-induced slow vasomotor response is different from that of instant vasoconstriction provoked by some classic vasoactive agonists (e.g., norepinephrine, angiotensin II, or ATP), which are dependent on the PLC-mediated direct Ca 2ϩ release from the SR. This two-phase Ca 2ϩ release and slow vasoconstriction may be an important mechanism maintaining vascular tone, and therefore NAADP signaling pathway in vascular smooth muscle may be critical for the development of sustained vascular tone. This hypothesis needs to be further tested. In addition, a chronic elevation of intracellular Ca 2ϩ in vascular smooth muscles also may produce histopathological alterations that may finally lead to severe consequences such as vascular remodeling and arteriosclerotic lesion (16) .
In summary, the present study demonstrated that 1) CD38 was the major enzyme responsible for the production of NAADP in response to FasL activation; 2) FasL initiated Ca 2ϩ release through lysosomal NAADP Ca 2ϩ pathway; 3) the NAADPinduced two-phase Ca 2ϩ response to FasL was associated with lysosome Ca 2ϩ -triggering action and subsequent CICR, which resulted in a large global increase in [Ca 2ϩ ] i ; and 4) the lysosomeassociated Ca 2ϩ regulatory mechanism through NAADP participated in the coronary vasoconstriction response to FasL. We have concluded that FasL activated lysosome/NAADP Ca 2ϩ pathway and led to vasoconstriction in the coronary artery, which might represent the early response of Fas activation in the cardiovascular system.
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